Effects of interlayer coupling and spatial anisotropy on spin-wave excitation spectra of a threedimensional spatially anisotropic, frustrated spin-1 2 Heisenberg antiferromagnet (HAFM) is investigated for the two ordered phases using second-order spin-wave expansion. We show that the second-order corrections to the spin-wave energies are significant and find that the energy spectra of the three-dimensional HAFM shares similar qualitative features with the energy spectra of the two-dimensional HAFM on a square lattice. We also discuss the features that can provide experimental measures for the strength of the interlayer coupling, spatial anisotropy parameter, and magnetic frustration.
The intriguing properties of many layered antiferromagnets and recently discovered iron based superconductors have created considerable interest in two and three dimensional spin- 1 2 Heisenberg antiferromagnet (HAFM) with competing interactions.
1 For the last two decades the properties of quantum spin- 1 2 Heisenberg antiferromagnet (HAFM) with nearest neighbor (NN) J 1 and next nearest neighbor exchange interactions (NNN) J 2 on a square lattice have been studied extensively by various analytical and numerical techniques. 2, 3 Earlier studies on the J 1 − J 2 model have shown that the ground state of the HAFM is antiferromagnetically (AF) ordered at low temperatures. Addition of J 2 interactions destabilize the AF order and for a critical value of the frustration parameter η = J 2 /J 1 a quantum disordered phase emerges. With increasing values of J 2 there is a second quantum phase transition from the disordered phase to a columnar antiferromagnetic (CAF) stripe phase. Using experimental techniques such as nuclear magnetic resonance, magnetization, specific heat, and muon spin rotation measurements, properties of layered magnetic materials Li 2 VOSiO 4 , Li 2 VOGeO 4 , VOMoO 4 , and BaCdVO(PO 4 ) 2 have been studied. [4] [5] [6] [7] [8] These studies have shown that these compounds have significant couplings between NN and NNN neighbors. Moreover, for Li 2 VOSiO 4 , a layered material that can be described by a square lattice J 1 − J 2 model with large J 2 the interlayer coupling J ⊥ /J 1 ∼ 0.07 is not negligible. 9 Due to a finite interlayer magnetic coupling J ⊥ , these experimental systems are quasi 2D.
Experimentally one of the most direct ways to probe the magnetic excitation spectra is with inelastic neutron scattering (INS 
22-24
Theoretically the spin-wave spectra and the low-temperature magnetic phase diagram have been obtained for the spatially anisotropic J 1 − J undoped iron-pnictide superconductors show a structural transition from a tetragonal paramagnetic phase to a orthorhombic phase. In the 122 materials a three dimensional (3D) HAFM on a cubic lattice with four exchange AF interactions between spins: J 1 along the x (row) direction, J ′ 1 along the y (column) direction, J 2 along the diagonals in the xy plane, and with interlayer coupling J ⊥ is described by 
This Hamiltonian is mapped to bosonic creation and annihilation operators a † , a and b † , b
using Holstein-Primakoff transformations keeping only terms up to the order of 1/S 2 . Furthermore, the Hamiltonian is diagonalized in the momentum space using the Bogoliubov transformations. In powers of 1/S the Hamiltonian can be written as
where
In the above equation,
The first term in H 0 is the zero-point energy and the second term represents the excitation energy of the magnons within linear spin-wave theory (LSWT). The part H 1 and H 2 correspond to 1/S and 1/S 2 corrections to the Hamiltonian.
The spin-wave energyẼ AF k for magnon excitations, measured in units of J 1 Sz(1 + ζ) up to second order in 1/S for the AF-phase is given as
where the second-order self-energy is given by
On the other hand, the Hamiltonian describing the CAF phase is
The quasiparticle energyẼ
, measured in units of J 1 Sz(1 + 2η) up to second order in 1/S for the CAF phase isẼ
The structure factors γ
The different coefficients can be found in Ref. The spin-wave energies for AF phase E AF k /J 1 is plotted in Fig. 2 for different values of ζ, η, δ in the BZ. The dispersion along the (π/2, π/2, π) − (π, 0, π) and (π/2, π/2, 0) − (π, 0, 0) are flat within LSWT and 1/S correction (see Fig. 1 for example) . The second order corrections make the magnon energies at (π, 0, π) or (π, 0, 0) smaller than the energies at (π/2, π/2, π) or (π/2, π/2, 0). Also we find that with increase in NNN frustration the dip in the spin-wave energies at (π, 0, π) and (π, 0, 0) increases. This can provide an experimental measure of the strength of the NNN frustration. These features are qualitatively similar to the recently obtained spin-wave energy dispersion for the frustrated HAFM on the spatially anisotropic square lattice. panels c and d) , η = 1 and 0.6. We find three energy peaks, the maxima being at (π/2, 0, π) and (π/2, 0, 0). With decrease in frustration the system approaches the phase transition point, so the spin-wave energy diminishes. For δ = 0, we have a Goldstone mode at the wave-vector k = (0, 0, π) for both the AF and CAF phases. But presence of a finite interlayer coupling δ opens up a gap at these wave-vectors (see Figs. 2 and 3 (panels a and c) ). This gap increases with increase in δ. We find that the spin-wave energy E independent of frustration η (see Fig. 2a ). As an example, within LSWT for ζ = 1 we find E AF (0, 0, π)/J 1 ≈ 0.85 with δ = 0.1 (Fig. 1a) . On the other hand, for the CAF phase we find the energy E CAF (0, 0, π)/J 1 (from LSWT) to be 2 δ(1 + 2η)/[1 + δ/(1 + 2η)], which is independent of the anisotropy parameter ζ (see Fig. 4c ). In this case we find for η = 1, Fig. 1c ). However, first and second order corrections slightly increase these LSWT predictions. The strength of the interlayer coupling δ can be measured experimentally from the energy at this k = (0, 0, π) value.
In Fig. 4 we show the effects of spatial anisotropy on the two ordered phases of the model. of η (see panels a and c of Fig.2) The present work is a sequel of an earlier theoretical paper where the author studied the magnetic phase diagram of a spatially anisotropic, frustrated spin-
HAFM on a 3D lattice with interlayer coupling. 3 In the present work, we have studied the effects of interlayer coupling and spatial anisotropy on the spin-wave energies of the two long-range ordered phases (antiferromagnetic Neél and antiferromagnetic columnar stripe). We have shown that the second-order corrections to the energy spectra are significant. Also we have found that our obtained energy spectra for the three-dimensional HAFM model (with interlayer coupling) shares similar qualitative features with the energy spectra for the two-dimensional square lattice. Finally, we have provided a few key features in the energy spectra that can be measured experimentally (e.g., with neutron scattering experiments). These measurements
